Abstract: Laser Ignition (LI) is a new, innovative technology which overcomes several limitations of conventional spark ignition; it presents many potential advantages for engine dynamic control, especially for Gasoline Direct Injection (GDI) Engine. This paper highlights a new approach, using Principle Component Analysis (PCA) of the Pressure Curve, to dynamically control Multiple Pulse Laser Ignition (MPLI); and reports on the effectiveness of Multiple Pulse Laser Ignition (MPLI) in lean combustion. Experimental test data is presented; and these results indicate how the control of MPLI improves the performance of the engine. This work is part of an EPSRC funded research project which is to investigate how optimized control strategies, including multiple stratified fuel injection (MSFI); MPLI and Multiple Positions Laser Ignition (MPsLI), can help to improve the stability of leaner operation and reduce the emissions. The possible future of LI dynamical control strategies (DCS) is discussed.
Introduction
Automotive manufacturers are dedicated to improving engine performance, while maintaining fuel economy and reducing exhaust emission. In recent decades, due to the energy supply limitations and environmental damage concerns, the GDI engine has been introduced to replace the port fuel-injection (PFI) engine [1] - [2] . However, in previous research, it has been found that GDI has some significant limitations, which require more complicated and intelligent DCS to improve the stability and performance to achieve its basic objective of saving fuel and reducing emissions.
The conventional spark plug has fixed ignition locations, limiting the spatial variations and requires long discharge dwell time (ms), making DCS of Spark Ignition (SI) engines with multiple ignitions at different times difficult. With these limitations the manufacturers are therefore aiming to improve the quality of atomization of fuel spray [3] - [5] or to develop new types of engine by using Homogeneous Charge Compression Ignition (HCCI) [6] - [8] which removes the spark plug. The LI engine system provides an opportunity for DCS to control the ignition, either temporally or spatially thereby lifting many of the restrictions of the spark plug and opening up possible improvements to engine performance and efficiency [9] - [10] .
Since the first reporting of LI tests on an ICE (Internal Combustion Engine) by Dale et al in 1978 [11] , engine based LI research has been primarily led by the groups of McIntyre and Woodruff, Wintner [12] , and Dearden and Shenton [13] - [15] . The LI system has been studied and investigated by the Laser Group and Automotive Powertrain Control Group of the University of Liverpool (UoL) for many years. Current LI systems have been stably applied and tested on both a research laboratory prototype engine and a production engine. In practice, the stability of the LI engine rivals that of traditional SI engines; the CoV (Coefficient of Variation) of IMEP (Indicated Mean Effective Pressure) of both engines under optimal conditions are less than 2%. Additionally the LI engine is more stable in lean combustion than SI engine.
In this paper, the goal of multiple pulse control is to allow the second pulse to be fired at the appropriate time to improve the performance and stability. With reference to Fig. 1 , if the first pulse is fired and good combustion occurs, then the curve in green will result. However, if the first pulse is fired and poor combustion occurs then the red dotted pressure curve will result. If the cylinder pressure of the engine is monitored and compared to a desired pressure curve, a decision can then be made as to whether, and possibly when, the second pulse is fired. If the second pulse is fired after unsuccessful combustion then the blue pressure curve will result.
A critical question arises at this point. Why not always fire the second pulse? If the second pulse is fired, then the purple dotted lines in Fig. 1 results. This is because the second pulse will accelerate the combustion too much and create turbulent combustion and knocking. This reduces efficiency and combustion performance. This affect will be discussed later in the paper. 
Experimental LI engine system
The Automotive Powertrain Control Group of the UoL has a strong background and experience in calibration and optimization of DCS for IC engines. The Uol team has a long relationship in collaboration with Ford Motor Co. (FMC) and Jaguar Land Rover (JLR). The first successful application of LI to an ICE at UoL was on a 4 cylinder Ford Zetec petrol engine in 2006. For research purposes, a new prototype GDI Single Cylinder Engine (SCE) has been supported and built by Ford US in 2009. In this paper, tests were carried out using the SCE, which has a 776 cc swept volume and a compression ratio of 9.2. The dSpace Hardware in Loop (HIL) system with fast DSP-slave (Digital Signal Processor) has been used as a rapid prototyping system to achieve control and collect real time data from the engine. In the system, a BOSH ES-HDEV-1 fuel injection driver ECU with a 100 bar pressure fuel pump is applied to generate high quality in-cylinder fuel sprays (Fig. 2 ). An AVL M5 pressure sensor and Kistler 5011 type charge amplifier are used to enable sensitive in-cylinder pressure data measurement. The experimental setup is shown schematically in Fig. 2 . Fig. 2 . SCE prototyping engine for LI research (The collimated laser beam is guided into the cylinder head using reflective mirror, the LI plug is used to replace the SI plug and create the ignition)
For the LI, a Litron LPY-764-30 laser and a Spectron Mini-Q laser (both Q-switched Nd:YAG) are used to create the first and second pulses respectively. The laser wavelength can be switched between 532 nm or 1064 nm (with or without 2 nd harmonic generators). To achieve the MPLI, two types of beam splitter have been used to obtain multiple beams: one beam splitter is a polarizing cube to couple the same wavelength beam (Fig. 3a) ; another is the wavelength beam splitter which allows the combining of different wavelength beams (Fig. 3b) . The multiple beams are aligned to the same optical path through the beam splitter. Then the laser is guided to the engine cylinder by reflective mirrors. An optical LI plug from a previous research project uses a sapphire front window to protect the focusing lens. During the work at Liverpool using this plug system, cracks and soot deposits (Fig. 4a left) appeared on its surface due to the combustion. This therefore created the need for a self-cleaning pulse to clear the surface windows to ensure the laser beam quality. In new research, it has been found that the front windows can be removed and then a 3 mm thick sapphire lens will not take damage even over long periods of operation. In this new design, the lens is then still very clean and with no damage at all after the engine running over 20 hours (Fig. 4a right) . The second generation (Fig. 4b ) design of the plug has overcome the previous crack problems and does not need the self-cleaning pulse anymore.
In-cylinder Combustion Feedback Control (ICCFC) methodology
PCA is a statistical approach that uses orthogonal transformations to convert a set of observations of possibly correlated variables into a set of values of linearly uncorrelated variables called principal components. It has been used to analyze and decompose large and complicated profiles of signals [16] - [17] . The use of PCA can reduce the signal component dimensions and group the signals, for instance arising from pressure variance (Fig. 5 a&b) . In fact, the PCA can help to identify the quality of combustion through the pressure signal; misfires, poor combustion and good combustion can be easily recognized (Fig. 5c) .
During the experiment, it was discovered that always firing both lasers will sometimes cause increased turbulent flame propagation and initiate knocking. Therefore, to avoid knocking and achieve the objective of real time identification of combustion quality, the STD (standard deviation) function (eq. 1 and eq. 2) of Matlab from the PCA output is used in the control map for the second pulse control to trigger at the optimized time. From the investigation, it was found that the minimum dwell timing can be less than 6˚CAs (Crank Angles). But it is suggested that 10˚ is used as it depends on the first LI trigger CAs (Fig. 6b) .
Neural-Networks (NN) is a popular tool for use in feedback control for complex non-linear mapping in optimal control strategies. In our research, a novel PCA-NN approach is used to find optimized maps for MPLI DCS.
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Results
During the experiment, a large volume of data was collected with the engine operating at varying speeds, loads and air-fuel ratios. Part of the results for a homogenous charge operation has been shown in this paper. Fig. 7 shows curves of in-cylinder pressure at lambda =1.3, the engine is set at 1500 rpm, Break Mean Effective Pressure (BMEP) = 4.8 bar and with Laser energy = 30 mJ only. After the investigation, two points of interest are noted. First, the misfire has been mostly removed by inducing the second pulse. Second, the poor combustion has been partially improved (Fig. 7) . Fig. 8 shows a and clearly presents the improvement of engine stability while using dual pulse LI. The has been reduced to about 5% from 10%. Fig. 9 below demonstrates the pressure curve variations of dual pulse laser ignition and the improvement of combustion quality at lambda=1.5. The engine is running at an average speed of 700 rpm but with the same settings as lambda=1.3. It also presents improvement of combustion quality. However, due to the very lean fuel-air ratio, the dual pulse has slightly less power output than lambda 1. by dual pulse LI. It has been improved from 20.7% at 22 to 10.1% at 2 . Meanwhile, the results also indicate the control of second pulse trigger and subsequent selection of secondary pulse timing will benefit the combustion quality.
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(a) Pressure curve with only a single ignition for comparing with dual pulse pressure results below (lambda = 1.5) In previous tests, it was found that the minimum break down energy to create a spark with the laser was 4 mJ in-cylinder [15] . The air-break down energy is stable at 15 mJ but with weak sparking when used as an ignition source. The 15 mJ level however can run the engine in stable operation. The 30 mJ level is very stable in standard engine air-fuel ratios.
Conclusion
A new EPSRC project named In-Combustion-Event Feedback (ICEF) control by LI of UoL team has been recently launched. The objective is to design and map the DCS to globally control the LI ignition in both temporal and spatial modes. The experimental results from this paper were obtained as part of this project. These strongly indicate that the MPLI will benefit the combustion quality in lean conditions. The CoV stability of the engine performance can be improved in dual pulse LI by up to 30% (not including the misfires).
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